ABSTRACT. Objectives. Maternal cigarette smoking is established as a major dose-dependent risk factor for sudden infant death syndrome (SIDS). Both prenatal and postnatal exposures to constituents of tobacco smoke are associated with SIDS, but no mechanism of death attributable to nicotine has been found. Breastfeeding gives a substantial increase in absorbed nicotine compared with only environmental tobacco smoke when the mother smokes, because the milk:plasma concentration ratio of nicotine is 2.9 in smoking mothers. Furthermore, many SIDS victims have a slight infection and a triggered immune system before their death, thus experiencing a release of cytokines like interleukin-1␤ (IL-1␤) that may depress respiration. Because apneas in infancy are associated with SIDS, we have tested the hypothesis that postnatal exposure to tobacco constituents and infections might adversely affect an infant's ability to cope with an apneic episode. This is performed by investigating the acute effects of nicotine and IL-1␤ on apnea by laryngeal reflex stimulation and on the subsequent autoresuscitation.
ABBREVIATIONS. SIDS, sudden infant death syndrome; IL-1␤, interleukin-1␤; CRP, C-reactive protein; IL-6, interleukin-6; IL-1␤ group, 10 pmol IL-1␤ intravenously/kg; NIC group, 5 g nicotine intravenously/kg; NIC ϩ IL-1␤ group, both IL-1␤ and NIC combined; CTR group, placebo. M aternal cigarette smoking is established as a major dose-dependent risk factor for sudden infant death syndrome (SIDS). 1 For obvious reasons, most studies on pathology and epidemiology in SIDS cannot differentiate between the effects of maternal smoking during pregnancy and infancy. A few studies found both prenatal and postnatal exposure to be important separate and additive risk factors, and the father's smoking was found to be a risk factor as well. 2, 3 However, the mechanisms involved are unknown.
Investigators have emphasized the chronic fetal hypoxia with low birth weight 4 and brainstem gliosis 5 seen in SIDS. Nonetheless, SIDS victims of nonsmoking mothers do not have low birth weight, 4 and they have little, if any, brainstem gliosis. 5 Thus, although prenatal exposure to tobacco constituents has a causal association both to these 2 conditions and SIDS, the hypothesized causal association between them and SIDS remains to be demonstrated.
Infants can be exposed to nicotine both through environmental tobacco smoke and breastfeeding. 6 -8 There have been few investigations studying the possibility that the depressant effect on respiration of postnatal exposure to nicotine could affect respiratory regulation in infants, in addition to the increased susceptibility to airway infections. 6 Interleukines are released during infections, and interleukin-1␤ (IL-1␤) has been shown to prolong apnea and interfere with the subsequent autoresuscitation. 9 We have tested the hypothesis that postnatal exposure to tobacco constituents and infections might adversly affect an infant's ability to cope with an apneic episode by investigating the acute effects of nicotine and IL-1␤ on apnea by laryngeal reflex stimulation, and on the subsequent autoresuscitation.
METHODS
The experimental protocol was approved by the hospital's ethics committee for animal studies under the surveillance of the Norwegian Animal Research Authority, and performed by certified category C researchers of the Federation of European Laboratory Animal Science Associations.
Forty-two 1-week-old piglets (Ϯ1 days) were transported (1 hour) from a local farm on the day of the experiment. Thirty minutes before surgery, they were premedicated with the butyrophenone azaperone (5 mg/kg intramuscuar) that exerts an ␣-adrenergic blocking action. Halothane was administered up to 2% in 40% oxygen during surgery (Ͻ15 minutes). Local analgesia was achieved with a total of 2 mL 5% lidocaine/2.5% upivacaine on the throat and inside of the left hind leg before skin incisions for cannulation of the trachea for insertion of a .45-mm (outer diameter) catheter into the immediate subglottic space and insertion of a Portex .58-mm (inner diameter) catheter in the left femoral artery. The piglets were put in the prone position in a sling with their legs hanging freely. 10 Rectal temperature was maintained between 38.0 and 39.5°C by means of a heating lamp. A peripheral ear vein was cannulated for infusion of a solution containing .7% NaCl and 1.25% glucose at a rate of 10 mL/kg/hour throughout the experiment. A pulse oximeter was attached to the right foreleg. Heart rate was monitored via skin electrodes. The arterial catheter was connected to a strain gauge transducer for continuous recording of blood pressure on a Gould recorder 2600S (Gould Inc Recording Systems, Cleveland, OH). Airflow was monitored by external thermistors placed in front of the nostrils, and strain gauge belts around abdomen and thorax monitored breath movements (Alice 3, Healthdyne International, Brussels, Belgium). Data were recorded using Alice 3 software.
Blood samples were taken postoperatively for analysis of blood glucose, blood gas analysis, and hematology (.75 mL); 1.5 mL was sampled in precooled ethylenediamine-tetraacetic acid tubes and immediately centrifuged at 3000 rpm for 10 minutes at 4°C, and .5 mL plasma was used for immediate analysis of plasma (CRP). All extracted blood was replaced by 3 times the volume of .9% NaCl.
Eight piglets were used in a pilot study and were not included in the study sample. Thirty piglets (16 female and 14 male; mean weight 2131 g Ϯ 146 95% confidence interval) were included without clinical signs of disease (Tp: 38.0°C-39.5°C; Hb: 5.0 -13.0 g/dL; Hct: 20%-40%; white blood cell count: 3.5-11.0 ϫ 10 9 /L; CRP Ͻ5 mg/L; blood glucose: 4 -10 mg/L; Sao 2 Ͼ90%; Pao 2 : 10 -15 kPa; Paco 2 : 4.5-6.0 kPa; and pH: 7.35-7.45). Four piglets were excluded, respectively, attributable to anemia, elevated CRP, diarrhea, and sudden arousal after apnea necessitating acute administration of an overdose pentobarbital intravenously to avoid unnecessary distress.
The included piglets were allowed 30 minutes stabilization before recording of baseline values and randomization (avoiding siblings in the same group) to 4 pretreatment groups: 1) immediate infusion of 10 pmol IL-1␤ intravenously/kg (IL-1␤ group; n ϭ 8); 2) slow infusion of 5 g nicotine intravenously/kg 5 minutes later (NIC group; n ϭ 8); 3) both IL-1␤ and NIC combined (NIC ϩ IL-1␤ group; n ϭ 6); or 4) placebo by infusion of 1 mL .9% NaCl (CTR group; n ϭ 8). Fifteen minutes later, apnea was induced by insufflation of .1 mL .9% NaCl acidified with HCl to a pH of 2 through the tracheal catheter. Apnea was induced 5 times with 5-minute intervals, and arterial blood gas analysis (.25 mL) performed at the start, 2 and 5 minutes after each apnea. Experiments were ended 15 minutes after the last apnea by halothane anesthesia and an overdose of pentobarbital intravenously.
Apnea was defined as no airflow for Ͼ5 seconds, and end of apnea was defined as the start of a respiratory movement producing airflow not followed by continued apnea Ͼ5 seconds.
Nicotine hydrogen tartrate was purchased from Sigma-Aldrich, Oslo, Norway. Recombinant IL-1␤ (Escherichia coli, human sequence) was purchased from R&D Systems Europe Ltd, Oxon, UK.
Statistics were performed on StatView for Windows, Version 5.0 (SAS Institute Inc, Cary, NC). Differences among the 5 consecutive apneas were insignificant, and data are based on the means of all 5 apneas, except baseline values recorded before the first apnea. Mann-Whitney U test was applied when comparing 2 groups, Kruskal-Wallis test when comparing all 4 groups, and paired sign test when comparing changes within a group. An exception is the Sao 2 values, which are presented with results of repeated measurement analysis of variance and 2-sample t tests. Mann-Whitney U test was also applied and yielded similar results. Post hoc Bonferroni corrections for repeated comparisons were applied when appropriate.
RESULTS
Insufflation of acidified saline in the subglottic space produced apneas, primarily of central origin, followed by decrease in heart rate, a fall in blood pressure, swallowing, occasional coughs, and finally autoresuscitation with gasping followed by rapid increase in heart rate, rise in blood pressure, and (in CTR) increase of respiratory rate (Table 1 and Fig 1) . Pretreatment with nicotine caused more spontaneous apneas (P Ͻ .04; Fig 2) , and repeated spontaneous apneas caused an inability to perform a compen- Fig 3) . In contrast, IL-1␤ caused prolonged apneas (P Ͻ .03; Fig 2) and an inability to hyperventilate causing a postapneic respiratory rate similar to NIC (P Ͻ .03; Fig 1) , but regaining normal Sao 2 after induced apnea like CTR (Fig 3) . When nicotine and IL-1␤ were combined, additive adverse effects on respiratory control and autoresuscitation compared with CTR were observed. NIC ϩ IL-1␤ had significantly more spontaneous apneas the last 5 minutes before induction of apnea (2 [. Fig 3) . These prolonged adverse effects on ventilation were reflected in lowered Pao 2 , elevated Paco 2 and lowered pH 2, and even 5, minutes after induction of apnea (all P Ͻ .04; Table 2 ).
DISCUSSION
Apnea mediated by laryngeal reflex has been implicated in several kinds of prolonged infantile apnea and has been proposed to play an important role in the apnea associated with SIDS, although it is probably stimulated frequently without adverse effects in healthy infants.
11 Our results clearly demonstrate that nicotine combined with IL-1␤ has serious additive adverse effects on this type of normally occurring apnea and the following autoresuscitation in piglets.
The sudden unexplained death in SIDS is probably attributable to a diversity of causes rather than a single syndrome as the name would indicate, and many victims have none of the risk factors associated with it. Nonetheless, our findings should be linked to SIDS as many characteristics of typical SIDS infants seem to point in the direction of a vicious circle that includes the presence of apneas: periodic breathing and apneas, sleep, vomiting, low gestational age, overheating, hypoxia, infection, and release of interleukines. [12] [13] [14] [15] [16] These characteristics are separately known to enhance, produce, and prolong apneas, and interfere with normal autoresuscitation after apnea. 9, 11, [17] [18] [19] Early in life, the infant is more susceptible to apnea by laryngeal stimulation 11 and hypoxia during apnea, 20 and probably responds inadequately to mild hypoxia by increased periodic breathing. [21] [22] [23] Potential additive adverse effects when combined with nicotine as demonstrated in this study, could prove detrimental, and SIDS victims have often been exposed to nicotine before death. 24, 25 Neonatal rats exposed prenatally to nicotine had increased mortality during hypoxic challenge. 26 Nonetheless, subsequent experimental studies in the neonatal rat subjected to hypoxia, 27 anoxia, 28 or hypercapnia, 29 showed unaffected respiratory response after maternal nicotine exposure during gestation. In contrast, lambs subjected to acute infusion of nicotine had decreased ventilation during hypoxia. 30 This might indicate that postnatal exposure to nicotine has more effects on respiration during hypoxia than prenatal exposure, but how the combined effects of prenatal and postnatal exposure to tobacco constituents affect respiration has not been explored. None of these studies addressed the effects on apnea, whereas results in our study should be related both to the hypoxic event and the apnoeic reflex and autoresuscitation in the piglet sedated by azaperone.
Breastfeeding gives a substantial increase in absorbed nicotine compared with only environmental tobacco smoke when the mother smokes. 6 -8 In smoking mothers, the milk:plasma concentration ratio of nicotine is 2.9, whereas that of the primary metabolite cotinine is 1.2. 7 Infants of smoking mothers have higher levels of cotinine excretion in urine than do adult passive smokers, and when nursed, it reaches levels in the range of adult smokers. 6 These infants have altered respiration and oxygen saturation after nursing. 31 The bioavailability of ingested nicotine in infants is probably not lower than in adults, where it is ϳ25% to 30% attributable to a first pass metabolism in the liver. Assuming adult metabolic capacity, a breastfed infant of 5 to 6 kg ingesting a meal of 120 to 220 mL and breathing environmental tobacco smoke ϳ1L/ minute for 30 minutes, could theoretically receive a wide variation of doses of bioavailable nicotine (.1-6.5 g/kg body weight) dependent on the mothers smoking habits and time from smoking to nursing. 6 -8 Thus, being in the range of our dosage but less than the mean of 16 g/kg body weight/cigarette in white adults. 32 The time from administration of nic- otine to the first induced apnea in our study equals the half-life of distribution of nicotine in plasma. The reduced risk for SIDS associated with breastfeeding disappears if the mother smokes, 3 but a clear negative effect of nursing by a smoking mother has not been demonstrated. 1 IL-1␤ is the prototypic proinflammatory and alarm cytokine that is released in the inflammatory response. 33 Its effects on apnea have been demonstrated and discussed previously. 9 IL-1␤ has been found elevated in SIDS, although elevated interleukin-6 (IL-6) is a more common finding. 34 This is probably caused by an earlier peak in release and rapid return to baseline values of IL-1␤ during immune reaction, while IL-6 has a more delayed and sustained release. In pilots for this study, we did not find acute effects of IL-6 similar to those found with IL-1␤.
We attempted to demonstrate successive prolongation of apnea after repeated stimulation of the laryngeal reflex, but this was not seen. This may be attributable to too long intervals, because hypoxia primarily resolved within 5 minutes, combined with a possible habituation to the stimulus and decreasing levels of nicotine and IL-1␤. The possibility of entry into a vicious circle by repeated laryngeal stimulation should not be excluded.
CONCLUSION
The acute adverse effects of nicotine and IL-1␤ on induced apnea and the following autoresuscitation in piglets may shed light on important mechanisms involved in the causation of SIDS.
